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4ABSTRACT
The vibration of the top plate of a P' i-P' a under the
excitation of plucking the strings was examined. It. was
found that all the three most important resonance modes of
the top plate below 1 kHz( i.e., the resonance modes at
about 450 Hz, 550 Hz and 650 Hz) could be excited. The
450 Hz and the 550 Hz mode enhanced the radiated sound if a
note played had its fundamental frequency or one of its
overtones equal to either of the two resonance frequencies,
but the 750 Hz mode did not contribute to the radiated sound
( even it was excited) because of destructive interference.
A non-destructive method is introduced to determine the
frequencies of the three resonance modes and conclusive
results were obtained. Since the method was found to be not
only convenient but also accurate, it was also applied to
determine the cavity resonance of a violin with satisfactory
results. The interaction between the top plate and the
strings was investigated. We found that when the top plate
vibrated at a frequency which was equal to one of the
hamonics of the strings, the vibration of the plate would





Some acoustical examinations on the Chinese musical
instrument P' i-P' a were carried out in the last few years.
Sinusoidally driven response curves, loudness curves and
holographic time-average vibration patterns were obtained
[ Feng 1983, Yue 1980]. It was found that the top plate of
P'i-P'a has three most prominent resonance modes below 1 kHz.
They were roughly at about 450 Hz, 550 Hz and 650 Hz.
Although the exact values of the frequencies of the three
modes vary for different P' i-P' as because of variations in
wood and the shape of the instrument( e .g., the P' i-P' a used
in our experiment had the three modes at 450 Hz, 550 Hz and
750 Hz) the vibration patterns of the three modes are
common to every P' i-P' a. The 450 Hz mode was found to have a
horizontal nodal line across the top plate( Fig.1-2 (a)).
The area on the upper side and the lower side of the nadal
line vibrate 1800 out of phase the mode at 550 Hz had a
simple vibration pattern---the whole top plate vibrate in
same phase( Fig.1-2 (b)) the 750 Hz mode was found to have
a vertical nodal line across the central area of the top
plate. Thus, the area on both sides of the nodal line
vibrated exactly out of phase( Fig.1-2(c)).
2One may ask whether these modes will be excited
during the performance of the instrument, i.e., during the
plucking of the strings for variours notes. In Chapter 2, we
will describe the experiments we have done on this problem
and discuss the excitation of each mode under the plucking of
the strings. If the three modes can be excited by plucking
the strings, then, another question arises. That is whether
the excited modes affect the sound emmited by the P'i-P'a and
how they affect. This problem will be treated in Chapter 3.
We tried to examine what will be heard by audience listening
to the performance of the instrument in a small room.
Although the three modes can be obtained by the
methods of sinusoidally driven response curves and time-
averaged holographic interferometry, both of the two methods
need a rather long period of time to perform the experiment.
Moreover, a detector or a driver( e.g. a small coil} must
be glued to the bridge or the top plate of the P'i-P'a which
was being examined, so, these methods may be regarded as
destructive detections. In Chapter 4, we introduce a non-
destructive method to determine the frequencies of the three
resonance modes with acceptable accuracy.
In doing these experiments, we found that the strings
absorbed an amount of the vibrational energy of the top plate
while the top plate was vibrating. We felt that this effect
3would greatly influence the vibration of the top plate and
therefore the sound emmited by the plate. This effect will be
investigated in detail in chapter 5.
Encouraging by the success in determining the three
resonance modes of the top plate of the P'i--P'a using the
non-destructive method, we applied similar method to
determine the air resonance of a violin. In Chapter 6, we
will discuss what we have done on the violin.
1.2 About the P'i-P'a
Fig.l-1 shows the top and the side views of a
p'i-p'a. It is a plucked musical instrument and has its four
strings tuned to A2 (110 Hz, the 4th string), D3 (146.8 Hz,
the 3rd string),, E3 (164.8 Hz, 2nd string) and A3 (220 Hz,
1st string) respectively under normal playing condition.
The note frequencies and the lower overtones of the strings
are listed on Table 1.1. The modal pattern of each of the
three modes was sketched in Fig.1-2. For more detailed
description of the instrument, one can refer to a paper of























Fig.1-1 Front and side view of P'i-F'a
r°
l8oc
( V c;CA Urr ( c)~ 750 Hz
TPi rr 1~0
Vibration patterns of the three modes.
The shaded areas vibrate 180° out of
phase with the light areas.
6Second Third FourthFirst
Overtone OvertoneFundamental Overtone OvertoneString No.
(iiZ (Hz)(Hz) (Hz) (Hz)
1 220 44o 1100660 880
161+.82 494.4 659.2 824329.6
11+6.8 293.6 440,43 734587.2
4 110 220 440330 550
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DETECTION OF THE VIBRATION OF THE FRONT
PLATE BY ELECTROMAGNETIC INDUCTION
2.1 Experimental
In order to detect the vibration of the top plate of
a P'i-P'a directly, we attached a coil to the top plate at a
suitable position. The choice of the position depended on
which vibrational mode we were going to detect. We took apart
a small 5-inch loudspeaker and used its voice-coil and magnet
as our detecting system. The coil was fixed to the plate by
wax and an iron core, which was attached to a block of
permanent magnet, was inserted into the coil as shown in
Fig.2-1.
When we plucked any one of the four strings, the
top plate would be excited to vibrate, and an e.m.f. would be
induced in the coil. This signal was fed into a digital
storage oscilloscope( KIKUSUI DSS 6521), and would be
photographed with a Polaroid camera or plotted by an X-y
recorder( Gamma Scientific 500). The signal stored in the
oscilloscope could be read into a microcomputer through an
interface( KIKUSUI IFO1-DSS) and saved on floppy disks or
printed out as a hard copy. Fourier Analysis of the data was
























of the system for detecting the vibration signal.
If strings are present, they will absorb a part of the
vibrational energy of the top pltate. This would influence
the vibration of the plate, and therefore the signal detected
by the coil. This effect of string absorption will be
discussed in Chapter 5.
In order to reduce the string-top plate interaction
to a minimum, we removed three strings leaving only one,
which was to be plucked, during the experiment. Then, we
adjusted the tension of the string such that a range of
desired fundamental frequencies was covered with the usual
fingering positions. Of course, this range of frequencies
could not cover all the resonance frequencies which we were
interested in. So, we either re-ajusted the tension of the
string or replaced it with another string of different
diameter.
It is well known that when a string, with its two ends
fixed, is plucked, it will vibrate at the fundamental
frequency and its overtones. The relative intensities of the
fundamental frequency and the overtones depend on where the
string is plucked. But, it is important to note that the
intensity of all the overtones are always smaller than that
of the fundamental frequency( Appendix I). If one plucks
the string at 1n of the length of the string, where n is an
integer, it will then vibrate at all of its harmonics
( including the fundamental frequency and its overtones)
except the nth harmonic. if n is not an integer, the string
will vibrate with all harmonics present{ Appendix I),
, in doing this experiment, we plucked the string at the
normal playing position which varied from 12 to 18 of the
length of the vibrating portion of the string as we moved our
finger from the top to the bottom on the fingerboard. since
each plucking could not be controlled to be exactly the same,
we plucked the string several times for each note and
recorded the most consistently appearing waveforms. We found
that the waveforms were quite consistent and with some
practice of controlling the plucking, the results were
satisfactory.
The frequency of each note played was determined by
its waveform on the oscilloscope( All notes played in the
experiment had frequencies of order of 100 Hz). We used a
sound level meter to detect the radiated sound when each note
was played. The waveforms were nearly periodic. We usually
used a large time base, say, at least 10 msdivision in the
oscilloscope. For a sound frequency of order of 100 Hz, its
period was of order of 10 ms. So, at least ten cycles of the
wave were diplayed. For each note we usually measured the
time for ten cycles instead of just one. This could reduce
the systematic error occured in determining the frequency of
each note greatly. Since all the note frequencies f 's in
our experiment were of order of 100 Hz, every measured time t
for ten cycles would of order of 100 ms with uncertainty




Therefore, the error in every measured frequency was always
less than 10 Hz( or the percentage error was always within
10%) through out our experiment. For frequencies much
higher than 100 Hz, we counted more than ten cycles such that
the error in frequency was still small.
2.2 Results and Discussions
2.2.1 To detect the 550 Hz mode
in order to examine the behavior of the 550 Hz mode,
we attached the coil at position A( Fig.1-1). This was
because the 550 Hz mode had its maximum amplitude at position
A a result obtained from holographic interferometric
study on the P' i- P! a[ Feng 1983 J.
For a given tension, we pressed the string at various
positions on the fingerboard and plucked the string to obtain
different fundamental frequencies, called f. We expected
that if f or any of its overtones was near 550 Hz, the
induced e.m.f. from the coil would be much larger than that
of other frequencies. That is, if f= 550 Hz, or f= 5502
o o
Hz= 27 5 Hz or fq= 5 5 03 Hz= 183 Hz, the waveforms on the
oscilloscope would give us information about the effect of
the 550 Hz mode. The experimental results indeed agreed with
what we expected. We observed that the signals of Fig .2-3(c),
(h) and (r) were much stronger in amplitude and more nearly
sinusoidal in shape.
in Fig.2-3(c), f is 183 Hz. Its second overtone is
o
3f, or 549 Hz which is very near the mode frequency 550 Hz.
It is clear that the second overtone dominates in waveform of
Fig.2-3(c). This means that the top plate vibrated mainly at
about 550 Hz. We knew that the intensity of all the
overtones can never exceed that of the fundamental frequency
for a stretched string fixed at both ends. So, why did the
top plate vibrate at about 550 Hz but not at the fundamental
frequency f= 183 Hz? The reason was that the top plate
had a resonance mode at about 550 Hz, hence it mainly
absorbed the vibrational energy of t he second overtone
( i.e., 549 Hz) and therefore vibrated at that frequency,
in other words, the 550 Hz mode was excited.
For f ='275 II z( waveform of F ig. 2-3( h)), its first
o
2 ms
( a) f= 166 Hz
o
( b) f =180 Hz
o




( d) fn= 200 Hzo
•«.. ot.. -t3L
( f) i'G= 2Mf Hz




fo= 275 Hz( h)




( k) tn= 357 Hz
( 1) fc= 370 Hz
( m) f= 417 Hz
( n) fo= 450 Hz
Figo2-3 ( cont? d)
2 ms
( o) fQ= 460 Hz
( P) fQ= 510 Hz
( q) - 526 Hz






c t) f= 625 nz
( u) fQ= 667 Hz
( v) f= 714 Hz
Fig.2-3 ( cont'd)
2 ms
( w) f= 750 Hz
( x) f= 800 Hs
o
( J) f= 86 Hso
Fig.2-3 ( contfd)
overtone is 2f r or 550 Hz, The waveform was much more
sinusoidal in shape. Here, the top plate absorbed the energy
of the first overtone rather than that of the second one. So,
the signal was mainly 550 Hz.
particulerly, for f= 550 Hz( waveform of
Fig.2-3(r)), the signal was maximum. The frequency of the
signal was essentially 550 Hz while the other overtones did
not appear. This meams that the overtones did not contribute
to the vibration of the plate.
The results of the Fourier analysis of the waveforms
(c), (h) ans (r) in Fig.2-3 were shown in Fig.2-4, 2-5 and
2-6 respectively. The Fourier coefficient of the 550 Hz
component is always maximum in the waveforms of f= 183 Hz,
f= 275 Hz and f= 550 Hz.
o o
From the set of waveforms in Fig. 2-3, we could easily
reach the conclusion that the 550 Hz mode was excited
whenever one of the harmonics of a note was equal to or near
550 Hz. Since the fundamental frequency of a string has the
largest amplitude among the harmonics if it is plucked at
any position( higher harmonics are usually weak), it
excites the resonance modes of the plate most easily.
2.2.2 To detect the 450 Hz mode
















Fig»2-if Sound spectrum of Fig2-3(c)
in which f~ 183 Hs It
o
shows that the component of
530 Hz dominated, only
the second overtone{ Jf)
o
was enhanced,,















Fig.2-5 Sound spectrum of Fig.2~3(h) in which
f= 273 Hz. It shows that the
o
component of about 530 Hz dominated,

















Fig.2-6 Sound spectrum of Fig2-3(r) in which
f= 550 Hz. It shows that 550 Hs
o
dominated. All the overtones were
overwhelmed by the fundamental frequency.
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Previous study on P'i-P'a has established that the
top plate also had a vibration mode at 450 Hz[ Feng 1983].
We then expected that when the plucked notes had frequencies
of 450/2 Hz( i. e. about 225 Hz) and 450 Hz, the induced
e.m.f. in the coil should be large and sinusoidal, just like
the results obtained for 550 Hz mode in section 2.2.1.
From Fig.2-3, we found that when fo= 225 Hz and
fo= 450 Hz( waveforms (e) and (n)) the waveforms were
indeed nearly sinusoidal except that the amplitudes were not
large. We felt that the 450 Hz mode might be weak. In
addition, position A might not be the proper one for
detecting the 450 Hz mode. That is, the position at which the
vibration amplitude is maximum might not be position A. So,
we moved the coil from position A to position D'
( Fig.l-1).
The recorded waveforms for various fo were shown in
Fig-2-7. For waveforms (d) and (o) in Fig.2-7, fo is 226 Hz
( whose first overtone is 452 Hz which is near 450 Hz) and
450 Hz respectively. The waveforms were almost sinusoidal
and had larger amplitudes as compared to those at other
frequencies. Both of the two waveforms were essentially of
450 Hz. This can be easily seen from the waveforms directly
or from the Fourier spectrum of the two waveforms in Fig.2-8
and Fig.2-9. Therefore we were convinced that the 450 Hz
mode was excited when the string was plucked at those
26
2ms
( a) fo= 200 Hz
( b) fo= 210 Hz
(c) fo= 222 Hz




( e) fo= 241 Hz
( f) fo=259 Hz
( g)fo=276 Hz




( i) fo= 300 Hz
( j) fo= 320 Hz
( k) fo=363 Hz




(M) fo= 400 Hz
(nn) fo= 421 H z




(p) fo= 467 Hz
(q) fo=514Hz




(B) fo= 571 Hz
( t) fo= 600 Hz
(u) fo= 6 5 0 Hz





(x) fo = 778 Hz
( y) f0= 800 Hz
Fig.2-7( cont'd)















F-i Sound spectrum of Fig.2~7(d) in which
f= 226 Hz. It shows that the component
of about 450 Hs dominated. This clearly
indicated that the first overtone was
enhanced by the top plate.















Fig.2-9 Sound spectrum of Fig.2-7(o) in which
f= 450 lis It shows that the
o
fundamental frequency component
dominated but not the first overtone
as in Fig.2-8.
frequencies,. but the vibration was not as prominent as that
of the 550 Hz mode.
In Fig.2-7, we can also find that, for f= 276 Hz
o
an(3 fQ= 550 Hz( i.e. (g) and (r)), the waveforms were also
sinusoidal and had large amplitudes, even larger than that of
f= 226 Hz and f= 450 Hz respectively. This means that the
550 Hz mode is much more easily excited than the 450 Hz mode
is and the vibrational amplitude of the 550 Hz mode is much
greater than that of the 450 Hz mode under similar
excitation, i.e., the plucking of the string.
We had tried to excite the 450 Hz mode by the second
overtone of a note, that is, we had plucked a string of
fundamental frequency f equal to 150 Hz. But the result was
inconclusive. The waveforms obtained was not dominated by
450 Hz. This is not only because that the 450 Hz mode was
weak but also because that the second overtone is usually
very weak.
2.2.3 To detect the 750 Hz mode
Besides the 450 Hz and the 550 Hz modes, the top
plate also has a mode at 750 Hz below 1 kHz[ Feng 1983 j.
However, the waveforms of Fig.2-3 and Fig.2-7 do not show the
existence of the 750 Hz mode. This is reasonable because the
vibrational pattern of the 750 Hz mode is quite different
36
from that of the 550 Hz or 450 Hz mode. The nodal line of the
750 Hz mode passes through the central area of the top plate
(Fig.1-2 (c)). So, if the coil was attached to position A or
D, i t could not detect the vibration of the 750 Hz mode.
Therefore we moved the coil to position B or B°( Fig. 1-1).
Actually, we obtained nearly the same results for the two
positions. So, we will discuss only one of them. Fig-2-10 is
our result.
We noticed that, when f0= 250 Hz, fo= 375 Hz and
fo= 750 Hz( waveforms (c), (h) and (r)), the waveforms
were approximately sinusoidal with larger amplitudes as
compared to that at other frequencies. Clearly, the 750 Hz
mode was excited. Since 250 Hz* 3= 750 Hz, and
375 Hz* 2= 750 Hz, we were convinced that the second
overtone of fo= 250 Hz and the first overtone of fo= 375 Hz
could excite, the 750 Hz mode as well as fo= 750 Hz.
Again, the vibration amplitude for fo= 750 Hz was maximum,
verifying that the fundamental frequency of a string excites
the mode most easily.
Fig.2-11, 2-12, 2-13 show that the waveforms
Fig.2-10(c), (h) and (r) were all dominated by about 750 Hz
no matter the note frequency f0 was 250 Hz, 375 Hz or 750 Hz.
( Note that 250* 3= 750, 375* 2= 750.)
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2 ms
(a) fo = 214 HZ
( b) fo= 227 Hz
( c) fo= 250 Hz




( e) fo= 312 Hz
( f) fo=333 Hz
( g) fo= 350 Hz




( i) fo= 385 Hz
( j) fo=441 Hz
( k) fo= 454 Hz




( m) fo= 588 Hz
( n) fo= 600 Hz





( q) fo = 700 Hz
( r) fo= 750 Hz




( t) f0=800 Hz
( u} fo= 833 Hz
Fig.2-10 (cont'd)
















~ f- 2b0 Hz
P1r'o2-1 1 Sound spectrum of F:Lg2-10(c) in which
f= 250 Hz. It shows that the frequency
of about 750 Hz dominated, i.e., the second
overtone was enhanced by the top plate®
The components of the fundamental fre¬
quency and other overtones had negligible
amplitudes indicating that only the second
overtone was amplified













Fig©2™12 Sound spectrum of Fig2-1G(h) in which
f= 375 Hz It shows that the fre¬
es
quency of about 750 Hz dominated, i.e.,
the first overtone was enhanced The

















Fig,2-13 Sound spectrum of Figo2-i0(r) in which
f s 750 Hs. It shows that the fre-
o
quency of about 750 Hz dominated,,
Only th© fundamental frequency com¬




In this Chapter, we have shown that the three most
important resonance modes below 1 kHz, which were at about
450 Hz, 550 Hz and 750 Hz, could be excited by plucking the
strings provided that the note frequency or one of its
overtones were equal to or near one of the mode frequencies.
In particular, the 550 Hz mode was most easily excited but
the 450 Hz mode was the weakest among the three modes.
Furthermore, the fundamental frequencies excited the modes
much more easily than, the overtones did. For example, each
=of the note frequencies of fo= 183 Hz, fo= 275 Hz and fo
550 Hz could excite the 550 Hz mode with the second overtone,
the first overtone and the fundamental frequency respectively
when they were played, as we have indicated in section 2.2.1.
So, the third one did the best of them because the
fundamental frequency is stronger than any one of its
overtones. In other words, it has largest efficiency to
excite the 550 Hz mode when a note of 550 Hz is played. This
can easily be seen by comparing the waveforms of these
frequencies, i.e., Fig.2-3(c), (h) and (r). Although this
example is specific to the 550 Hz mode, the discussion is
completely general to all the modes.
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Chapter 3
DETECTION BY SOUND LEVEL METER
In chapter 2 we have discussed the results of
detecting the top plate vibration using the method of
electromanetic induction and obtained conclusion that the
three most important low frequency vibration modes of the top
plate could be excited when the stings are being plucked
provided that the fundamental frequency or one of its
overtones of the string is equal to or near the frequency of
one of the three modes. In particular, the 550 iz mode was
most easily excited among the three modes and vibrated with
the largest amplitude as'compared to other modes under
similar excitation.
Up to now, we have only detected the vibration of the
top plate under the plucking of the string. of course, this
vibration became sound. The problem that whether the audience
can hear this sound or not awaited further investigation. To
answer this problem, we then carried out the following
experitments. A sound level meter( SLM) was located 3
meters away from the P'i-P'a and was used to detect the sound
radiated from the P'i-P'a. In this way the sound level meter




instead. of using a coil to detect the top plate
vibration of the P'i-P'a, a sound level meter( RION model
NA-09) was placed in front of the P' i--P' a, about 3 meters
away from the top plate. The positions of the sound level
meter and the P' i-P' a are shown in Fig. 3-1, and the block
diagram of the experimental set-up is shown in Fig-3-2.
The procedure of this experiment was similar to that
described in Chapter 2, i. e., we mounted only one string to
the p'i- P' a and plucked the string. Various notes were
obtained by pressing the string at different positions on the
fingerboard. A range of fundamental frequencies were covered.
The signal for each plucking was recorded by the X-Y
recorder, and interfaced to a microcomputer for further
analysis if necessary. The waveforms recorded by the X-Y
recorder for each note were shown in Fig.3-3.
3.2 Results and Discussions
3.2.1 About The 450 Hz and the 550 Hz Modes
From Fig .3-31 it can be seen that as the note
frequency changed from 167 Hz to 889 Hz, the waveforms became
nearly sinusoidal at certain frequencies. These near-










( b) Side view















(a) fo= 167 HZ
( b) fo= 183 Hz




( a) fo= 206 Hz
( e) fo= 225 Hz




( g) fo= 250 Hz




( i) fo=275 Hz
( j) fo=294 Hz




( 1) fo=375 Hz





( o) fo= 428 Hz
( P) fo= 450 HZ




( r) fo= 500 Hz




( t) fo= 550 Hz




( v) fo= 583 Hz
( w)fo= 600 Hz
( x) fo= 642 Hz
Fig.3-3( cont'd)
2ms
( y) fo=667 Hz
(Z) fo= 714 Hz




( b') fo= 800 Hz
( c') fo= 846 Hz
( d') fo= 889 Hz
Fig.3-3( cont'd)
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f0= 225 Hz( Fig. 3-3 (e)), fo= 275 Hz( Fig .3-3 (i)),
f0= 450 Hz( Fig .3-3 (p)) and f0= 550 Hz( Fig-3-3(t) ) .
All of them are related to either the frequency of the
vibrational modes of 450 Hz or 550 Hz.
For f0= 183 Hz, its second overtone is 3*f0, or 549 Hz,
which is very near 550 Hz, the frequency of the most
important vibrational mode. The waveform of f0= 183 Hz
( Fig-3-3(b)) became more sinusoidal in shape and larger in
amplitude than those waveforms below or above 183 Hz
Furthermore, the frequency of the waveform (b) was mainly
550 Hz. This can be easily seen from the waveform itself or
from the result of Fourier analysis( i. e. the sound
spectrum) which is shown in Fig. 3-4.
For waveform (e) in Fig.3-3, the corresponding
fundamental frequency f0 was 225 Hz, and its first overtone
was 450 Hz. The waveform was, again, more sinusoidal and its
frequency was mainly 450 Hz, i.e., the first overtone
dominated instead of the fundamental frequency. The result of
the Fourier analysis of the waveform is shown in Fig.3-5.
For the waveform (i), f0 was 275 Hz, and its first
overtone is 550 Hz. The waveform (i) is also more sinusoidal
and its frequency is essentially 2* 275 Hz or 550 Hz. The
Fourier analysis of the waveform showed that the amplitude of

















Fig.3- Sound spectrum of Fig.3-3(b)
in which f= 183 Hz» The
o
second overtone was enhanced.
















- f =225 Hz
Fig,3-5 Sound spectrum of Fig,3-3(Q)
in which f- 225 Hz, The
o
first overtone was enhanced














~ f0= 275 Hz
Fig„3-6 Sound spectrum of Fig.3-j5(i)
in which f= 275 Hz, The
o
first overtone vas enhanced
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For fo= 450 Hz and f0= 550 Hz( waveforms (p) and
(t) in Fig.3-3), the waveforms were again almost sinusoidal
as expected. Particularly, the waveform of fo= 550 Hz was
the most beautiful one among all the waveforms in Fig.3-3.
From the above analysis, we found that:
(1) when the fundamental frequency of a string, i.e., the
note frequency, is equal to either of the resonance mode
frequencies, 450 Hz or 550 Hz, of the top plate the signal
detected by the sound level meter was nearly sinusoidal and
large in amplitude. The amplitudes of the overtones were
negligible in these cases. This indicates that the intensity
of the fundamental frequency component of the vibration of
the string was enhanced. In other words, the vibrational
amplitude of the top plate became large at these frequencies.
This means that the two vibrational modes of 450 Hz and
550 Hz were excited by the sting. This is consistent with the
result in Chapter 2
(2) when the fundamental frequency of a string is equal to
one-nth( where n is an integer, and is usually 1, 2 or 3)
of 450 Hz or 550 Hz, the signal from the sound level meter
was again sinusoidal and larger in amplitude. Moreover, the
frequency of the signal was, essentially, either 450 Hz or
550 Hz rather than the fundamental frequency of the string.
This means that the( n-1) th overtone of the note
excited the resonance mode. So, the sound radiated by the
67
top plate was mainly 450 Hz or 550 Hz in frequency. In this
case, the top plate of the P'i-Pla acted as a selective
amplifier which amplified only the signal of frequency near
450 Hz or 550 Hz. String vibrations of other frequencies did
not become sound effectively.
We have already indicated that the amplitude of the
fundamental frequency of a string, which is plucked, is
always larger than that of any other overtones
( Appendix I). For example, if the fundamental frequency
( or the note frequency) of a sting, fo, is 275 Hz, its
first overtone is 2*fo, or, 550 Hz. The intensity of the
fundamental. frequency is larger than that of the first
overtone. But, why the signal detected by the sound level
meter was 550 Hz in frequency instead of 275 Hz? The reason
is' that the sound level meter mainly collected the sound
radiated from the top plate. in this case, the strings were
bad radiator of sound as compared to the plate. On the other
hand, the first overtone of 275 Hz, or 550 Hz, excited the
550 Hz mode of the top plate, whereas the vibrational energy
of the fundamental frequency and the overtones other than the
first one was lost because the top plate dose not have
reasonance modes near 275 Hz or the frequencies of the higher
overtones.
Fourier analysis of waveform Fig.3-3(i) showed that
the frequency of 550 Hz dominated indeed( Fig. 3-6) the
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amplitude of the fundamental frequency, i. e., 275 Hz, was
surprisedly small. It seemed that the audience would mainly
hear a sound of frequency 550 Hz but not 275 Hz when the note
frequency of a string was 275 Hz!
Similar situation occured at fo =225 Hz
( Fig.3-3 (e)), and even f0= 183 Hz( Fig .3-3 (b) we
noticed that 2* 225 Hz is equal to 450 Hz and 3* 183 Hz is
equal to 549 Hz. The results of the Fourier analysis of the
two waveforms showed that the components of 450 Hz and 550
Hz dominated respectively( Fig.3-4. and Fig,3-5). Again,
the audience would hear a sound of frequency 450 Hz when the
225 Hz note was played, and a sound of 550 Hz when the 183 Hz
note was played.
In conclusion, the two resonance modes of 450 Hz and
550 Hz of the top plate were excited whenever the fundamental
frequency, fo, or its integral multiples, nfo, was equal to
the mode frequency 450 Hz or 550 Hz. in particular, the 550
Hz mode was more easily excited than the 450 Hz mode was.
This is consistent with the results obtained in Chapter 2.
Furthermore, both of the two modes, especially the
550 HZ mode, were contributory to the enhancement of the
vibration of the strings with frequency near 450 Hz or
550 Hz.
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3.2.2 About the 750 Hz Mode
In Fig .3-3, one can see immediately that there is no
evidence that the 750 Hz mode was excited. At fo= 750 Hz,
the waveform was still irregular in shape and the amplitude
was not larger around that frequency. Did this mean that the
750 Hz mode was not excited ?
The answer is negative. In chapter 2, we have
concluded that the 750 Hz mode could be excited whenever the
fundamental frequency or one of its overtones of a string was
equal to or near 750 Hz when the string was plucked at normal
playing position. Fig-2-10(r), (h) and (c) show this
clearly. Then, why the signal detected by the remote sound
level meter( 3 meter away from the top platr, Fig.3-1) did
not reveal that the 750 Hz mode was excited? we tried to
explain this phenomenon in the following paragraphs.
previous study on the resonance modes of a P' i-P' a
indicated that the 750 Hz mode has a vertical nodal line
through the central area of the top plate, and the left hal(-
area vibrates exactly out of phase with respect to the right
half-area( Fig.1-2 (c)). Moreover, since the P' i-P' a is
symmetric about the central line, the amplitude of vibration
on both sides of the top plate are then approximately the
same.
As the top plate vibrates in the 750 Hz mode, sound
waves are emited from both sides of the top plate
simultaneously. Obviously, these two sound waves will
interfere in the space in front of the top plate of the p'i-
P'a. The typical distance between the two sources, namely d,
is about 13 cm( Fig.1-1). Since the velocity of sound in
air is about 340 ms, so, the wavelength, X, of 750 Hz wave
is about( 340 750) meters, or, 45.3 cm. That is X d.
Let. us consider an extreme case in which sound waves
of frequency 750 Hz are emitted from two point sources which
are 13 cm apart, with equal intensity and phase difference
of Tf radiance as shown in Fig.3-7. One can see immediately
that there is no constructive interference in front of the
plane AB. The condition for the existence of constructive
interference at a position is that the path difference of the
the two waves from the sources to the position must, at
least, equal to X 2, or, 22.5 cm because they are out of
phase. But, unfortunately, the maximum path differene, which
occurs at oL= 90°, is d, and d is less than X 2.
Hence, it is impossible to have constructive interference.
The interference of the two waves are completely
distructive in the position just facing the top plate. At
the positions of ct o°, the amplitude of the vibration is
_ o o
not zero, and increases as oL increases from 0 to 90.
in order to investigate this phenomenon further, we carried





Path Difference— d sin U
w.
B
Fig®37 V1 and Wp are tv;o waves( ~45»3 cm)
of equal intensity and phase
difference Tf rad.
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(i) First of all, we put the sound level meter
near the top plate such that the distance between the sound
level meter and the position B' of the top plate, namly D,
was 2 mm as shown in Fig.3-8. Then we plucked a string of
fundamental frequency fo= 375 uz whose first overtone was
750 Hz, and recorded the signal by the sound level meter.
We then increased D gradually from 2 mm to 1 m
and observed the changes in the waveforms. Fig.3-9 shows
the waveforms recorded for various D's.
It was noticed that the frequency for waveform (a) in
Fig.3-9(D= 2 mm) was mainly 750 Hz even though the
fundamental frequency fo of the string being plucked was
375 Hz.* This is confirmed by the Fourier analysis of the
waveform( Fig. 3-10).
we remembered that we got similar result in Chapter 2
there we glued a coil to position B to detect the vibration
of the 750 Hz mode and the waveform was also mainly 750 Hz
for fo= 375 Hz( Fig .2-10 (h)). From this we noticed that
when the sound level meter was very closed to the plate
( say 1 to 2 mm) at certain position, it approximated to a
coil attached to that position in detecting the vibration of
the plate. Of course, the sound level meter would pick up






( a) Top view
St r'i nn
-D
B' Si M CRO
( b) Side view
Fig»3«8 Position of the sound level meter„
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2 ms
( a) D= 2 mm
( b) D= 1 cm
fo= 375 HzFig.3-9




( c) D=5 cm








As the distance D was increased, the harmonic
structure of the waveforms detected by the sound level meter
changed as shown in Fig .3--10 to Fig .3-15. The component of
the first overtone of 375 Hz, i. e. 750 Hz, became smaller and
smaller in amplitude. Finally, the component of the
fundamental frequency 375 Hz was dominant in the waveforms
( Fig. 3-9 (a) to (f)).
Fig .3-10 to Fig. 3-15 show the results of the Fourier
analysis, or the sound spectra, of Fig.3-9. One can easily
see that the ratio of, the amplitude of 750 Hz to that of 375
Hz( denoted by R) decreased from about 10 to 0.1 rapidly as
D increased from 2 mm to 1 m.
When D was small, say 2 mm for example, the sound
level meter could only detect the vibration of one side of
the 750 Hz mode, i.e., no interference would occur in this
case. As D was increased, the sound level meter could
collect more and more sound waves emitted from the other
side of the 750 Hz mode, and therefore, the effect of
plate at that position). Sol the sound level meter can be
used to replace the coil-magnet system in detecting the plate
vibration provided that the noises were negligible. This
provides a convenient method to detect the vibration of the
plate, see Chapter 4.

















Fig.3-0 Sound spectrum of Fig.3~9()



















Fig.3-11 Sound spectrum of Fig„3-9(b)
in which fQ= 375 Hz. The
first overtone was still
dominant«
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ratio R- 1.33
Fig.3-12 Sound spectrum of Fig.3-9(c)
in which fQ= 375 Hz, The
amplitude of the fundamental
frequency was comparable to,
but still smaller than that
of the first overtone.



















Fig.3-3 Sound spectrum of Fig3~9(d)
in which f =375 Hz, The
o
amplitude of the first overtone
became smaller than that of
the fundamental frequency.

















Fig.3-1 Sound spectrum of Fig.3~9()
in which f- 375 Hz. The
o
amplitude of the fundamental
frequency was much larger than
















Fig.3-15 Sound spectrum of Fig.3-9(f)




the interference became more and more prominent. From the
above discussion we knew that the interference was mainly
destructive. so, the 750 Hz component in the sound spectra
weakened as d increased, and finally, as the sound level
meter was beyong 1 m of the top plate, the 375 Hz( the
fundamental frequency of the string) dominated in the
waveforms.
(ii) Theoretically, the interference became less
destructive as 0 increased( Fig.3-7). This is because
that as 0 increased, the path difference which is
approximately d sin 0, would also increase though it would
never reach X 2. Under this consideration, we put the
sound level meter 1 m in front of the top plate and changed
its position to detect the angular distribution of the sound
wave emitted by the p'i-p'a( Fig.3-16).
We plucked a string of fundamental frequency
f= 375 hz as in part (i). We expected that the component
of the first overtone, i.e. 750 Hz, would increase in
amplitude as 0 increased. The results did show this
tendency( Fig.3-17). The result of the Fourier analysis of
the waveforms in Fig. 3-17 were shown in Fig.3-18 to Fig.3-21,
indicating that the ratio R increased as 0 increased.
3.3 Summary
0p
( a) Top View
Stri nq
1 m SIM
( b) Side view when= 0°




( b) 0= 20o
fo= 375 HzFig.3-17
As 0 increased, the component
























Fig.3-18 Sound spectrum of Fig.3-17(a)

























Fig.3-19 Sound spectrum of Fig.3~17(b)























Fig.3.20 Sound spectrum of Fig.3-17(c)
in which f= 373 dz. ihe
o
first overtone became stronger
Frequency




















Fig.3-21 Sound spectrum Fige3~'7()
in which f= 375 Hz. The
o
amplitude of the first overtone
larger than that of the
fundamental frequency
92
From the above discussion, we have seen that the
sound of some notes played on the P'i-p'a was greatly
enhanced because they excited one of the resonance modes of
the top plate at 450 Hz and 550 Hz. Particularly, the 550 Hz
mode contributed most to the radiated sound because it was
most easily excited and it was the strongest among the three
modes.
It should be emphasised that the 750 Hz mode
vibration did not produce strong radiated sound because of
its particular vibration pattern( Fig.l-2). Destructive
interference of the 750 Hz sound waves emitted from the left
and the right half-areas of the top plate made the sound
almost inaudible though the 750 Hz mode was excited.
Of course, the destructive interference can be
partly avoided by making the top plate less symmetric in
physical properties but still symmetric in geometric shape.
perhaps this can be done by, for example, inserting a
soundpost between the top plate and the back shell at
position B or B' during the making of a P' i-P' a. But this
structural change will certainly alter the frequencies and
the vibration patterns of other modes, i.e., the whole set of
vibration modes may be replaced by a new one. This will, of
course, change the tone quality of the instrument. Although
researchers can measure this acoustical change and find out
whether there is any improvement in the enhancement of the
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radiated sound with this new set of vibration modes, the
appraisal of whether this change can improve the tone quality
or not will be the realm of the expert player and listener.
94
Chapter 4
EXCITATION OF THE TOP PLAT BY TAPPING
In the early studies of the resonance modes of the
top plate of P' i-P' a, it was found that there were three
resonance modes below 1 kHz. They were roughly at 450 Hz,
550 Hz and 650 Hz. The exact values of the three resonance
frequencies usually vary for different P' i--P' as, but, the
vibrational pattern of each mode is the same for every
p' i-P' a. The P' i-P' a used in our experiment has the three
resonance frequencies at about 450 Hz, 550 Hz and 750 Hz. In
the previous chapters, we have concluded that the three
resonance modes could be excited by plucking the strings if
the fundamental frequency or one of its overtones of a note
played was near one of the resonance frequencies. The 450 Hz
mode and the 550 Hz mode would enhance the sound emitted by
the P' i-P' a if they were excited.
Although the 750 Hz mode could also be excited by
plucking the strings, the sound produced by the vibration was
reduced due to the interference of the sound waves emitted
from the two halves of the top plate. The interference was
essentially destructive in front of the top plate. More
symmetric the P' i-P' a, more serious is the effect of
destructive interference. Moreover since the frequency of
each vibrational mode varies for different P' i-P' as, the
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frequency of the so called 750 liz mode may be as low as 650
Hz( Feng 1985). Obviously, the lower the frequency, the
longer is the wavelength, and more destructive is the
interference( Chapter 3.2.2).
Previous studies also revealed that the air resonance
is difficult to be detected indicating that the air resonance
may be very weak. This means that the air resonance, if it
existed, would have very small contribution to the tone
quality of a P'i-P'a( Feng 1985).
Since all the fundamental frequencies of the four
strings under normal playing condition( i. e. 110 Hz,
146.8 Hz, 164.8 Hz and 220 Hz) are smaller than any of the
three mode frequencies, only the higher harmonics of the
notes played on a P'-P'a can be enhanced by these resonance
modes. But the higher harmonics are always much weaker than
the fundamental frequency or the lower harmonics. Therefore
the resonance modes with frequencies higher than 1 kHz have
much less beneficial effect on the enhancement of the sound
radiated by the top plate. In other words, the three
resonance modes below 1 kHz are most important to the tonal
characteristics of a P'i-P'a.
The three modes can be obtained by the methods of
sinusoidally driven response curves and time-averaged
holographic interferometry. Both of the two methods need a
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rather long period of time to perform the experiment. For
example, one probably needs to spend a whole day in order to
obtain a good holographic interferogram. Moreover, these
methods require the attachment of a detector or driver( e.g.
a small coil) to the bridge or the top plate of the P' i-P' a.
For an expensive instrument, the owner may not like to let
the experimenter to attach anything to his much treasured
instrument.
Since the owner of an expensive P' i-P' a may refuse to
loan his instrument for doing experiments, our problem then
is to find a method which is both convenient and
non-destructive.
In our effort to solve this problem, we introduced a
method which gives valuable information in determining the
frequencies of the three resonance modes. We used the eraser
end of a pencil( which acted as an impact hammer) to tap
the P' i-P' a at certain positions on the bridge and the top
plate, and investigated the vibration of the plate.
Obviously, this method is quite convenient, and of course,
non-destructive because the eraser is too soft to damage the
surface of the instrument.
Theoretically, if the top plate or the bridge is
tapped, all the resonance modes will. be excited just like
that a string is plucked. Also, if the top plate is tapped,
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there may be some modes missed if the position of the tapping
lies on the nodal lines of these modes. For example, if any
position on the central line( which is the nodal line of the
750 Hz mode is tapped, the 750 Hz mode seems most
improbable to be excited among the three resonance modes.
Besides that a pencil is readily available and the
eraser end is not harmful to the top plate, a more important
reason to use it as an impact hammer is that the sof ter the
tip used on an impact hammer the more the energy is
concentrated in the lower frequency range. Since the three
most interesting resonance frequencies are all below 1 kHz, a
pencil with, a rubber eraser is a suitable impact hammer for
doing this experiment.
4.1 Experimental
During this experiment, we put the sound level meter
close to the top plate at some chosen positions to detect the
vibration of the plate. The head of the sound level meter was
about 2 min in front of the plate such that the signal
detected was mainly due to the vibration at that particular
point of the top plate. We tapped the bridge and the top
plate at certain positions with the eraser end of a pencil.
The relative positions of the P'i-P' a and the sound level
meter are shown in Fig.4-1*. The block diagram is the same as






Fig.4-1 Position of the sound level meter.
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For each combination of the positions of detection
and excitation, we recorded the signal from the sound level
meter on a storage oscilloscope for four different time
bases 20 riffs, 50 ms, 100 ms and 200 ms( these correspond to
2ms/div, 5ms/div, lOms/div and 20rns/div on the screen of the
oscilloscope). Fig.4-2, 4-4, 4-6, 4-8, 4-10, 4-12, 4-14 and
4-16 show the waveforms of each combination. All the
waveforms (a) and (b) in these figures were plotted by the x-
Y recorder, but (c) and (d) were the polaroid photographs of
the screen of a storage oscilloscope( TEKTRONIX model 7633)
which was also connected to the sound level meter. The X-Y
recorder which we used had noticeable distortions for rapidly
changing signals. Since the recorder pen traces the signal
in 50 seconds and this time is unadjustable, the distortion
becomes worse when the time base of the digital oscilloscope
is longer. Sol for the time base longer than 5 ms/division
( there are 10 divisions on the screen of the oscilloscope),
waveforms were recorded by taking polaroid pictures directly
from the oscilloscope screen.
Fourier analysis was carried out on the waveform (d)
in each set of waveforms. It should be remarked at this
point that the Fourier analysis was actually the Fourier
series method because we chose a finite period. We took the
whole waveform(d)( in each set) as one period, i. e., the
period was about 200 ins( since the time base was 200 ms).
This means that we truncated the tail of the waveform of ter
the first 200 ins. we can see that each waveform (d) has a
tail of nearly zero amplitude extending to infinity. Errors
arisen in doing this Fourier analysis vere mainly due to the
, finite period which made the frequency spectrum discrete.
Since the period taken was about 200 ins, the frequency
in terval was abou t 5 Hz which was small enough and the
results were satisfactory. The truncated tail was
approximately zero, and therefore had negligible contribution
in the calculation.
Moreover, each waveform (d) was a decaying function
of time. So, even that it was purely sinusoidal, its Fourier
transform was not a cf -function. For example, we have an
exponentially decaying sinusoidal function:
f( t)
0
e 1 s i n UL t
( t0)
( t0)
Then its Fourier transform g( u;) is
2 2
g( 60) as maximum values at about± C0o if( uJ0T) 1.
i.e., the peaks of the frequency spectrum are still at about
+ CO( Appendix II). in the case that f(t) is composed oi
two decaying sinusoidal functions with different decay time
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constants T and T, different angular frequencies W.and
Wo, then, if( Wo T) 2 »1,( WO T) 2 »1, and if the
width of the peaks is much smaller than Wo-Wo, there
will be two peaks in the frequency spectrum centered at about
Wo and
Wo( Appendix II The discussion is also valid
to the case that f (t) is composed of more than two decaying
sinusoidal functions. In our experiment, the above
conditions were satisfied. So. the results obtained in doing
the Fourier analysis were satisfactory as we shall see later.
We believe that the Fourier analysis is a good guidance in
identifing the components of a waveform.
(A) To Detect the 550 Hz Mode
we put the sound level meter at position A
( Positions labled A, B, B', C, D, D', S, or S' in this
chapter are all refered to Fig.2-l) and tapped at (i) the
centre of the bridge( position C), (ii) the top plate near
position .A and (iii) the bridge side (position S').
waveforms are shown in Fig. 4-2, Fig.4-4 and Fig-4-6
respectively.
( B) To Detect the 450 Hz mode
we put the sound level meter at position D
( because we found that it is the most suitable position to
detect the 450 Hz mode) and tapped at (i) the position D'
and (ii) the centre of the bridge. The results are shown in
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Fig .4-8 and Fig .4-10.
(C) To Detect the 750 Hz
We put the sound level meter at position B and
tapped at (i) the bridge centre( position C) (ii) the
bridge side( position S') and (iii) position B1. The
results are shown in Fig. 4-12, 4-14 and 4-16 respectively.
4.2 Results and Discussions
4.2.1 About the 550 H z Mode
The waveforms shown in Fig.4-2 are essentially
decaying sinusoidal waves. The four waveforms which
correspond to the time base of 2 ms/div, 5 ms/div, 10 ms/div
and 20 ms/div show the vibratin of the top plate near positon
A within the first 20 ms, 50 ms, 100 ms and 200 rms
respectively. We noticed that the decay of the vibration is
much faster than the vibration which is excited by the
strings. The correlation between the vibration of the top
plate and the strings are investigated in detail in
Chapter 5. The Fourier analysis of Fig.4-2(d) shows that
the 550 Hz indeed dominated in the waveforms( Fig.4-3).
If we tapped at the position which was near position
A, we got similar results as that of tapping at the bridge






Fig.4-2 Tapping at bridge center (position C)
and detecting at position A.
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( c) 10 ms/div
( d) 20 ms/div
Fig. 4-2 ( cont'd)














Fig4-3 Fourier analysis of Fig•4—2(d)
showing that the component of
about 330 Hz dominated
( Tapping at bridge center
and detecting at position A)
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are shown in Fig.4-4. The Fourier analysis of Fig.4-4 (d) is
shown in Fig. 4-5.
If the bridge side( position S') was tapped while
the sound level meter was still at position A, the waveforms
obtained were quite similar to that when the centre of the
bridge( position C) was tapped. These waveforms are
shown in Fig.4-6. The Fourier analysis of Fig.4-6(d)
indicated that the 550 Hz component was dominant( Fig.4-7).
Both the waveform and the result of Fourier analysis of
Fig .4-8 are quite similar to those of Fig .4-2 and Fig.4-3.
If the sound level meter was placed at position B
and the centre of the bridge was tapped, the signal detected
by the sound level mete was still mainly 550 Hz( Fig.4-12).
The waveform was not as beautiful( means very sinusoidal in
shape) as that in Fig4-2. This means that more waves of
frequencies other than 550 Hz were superposed on to the 550
Hz wave which was dominant. The Fourier analysis of
Fig. 4-12 (d) did give us this information( Fig.4-13). A
small peak appeared at about 750 Hz indicating the waveforms
in Fig.4-12 were no longer as sinusoidal as that in Fig.4-2.
This is because that there was not only the 550 Hz
mode being excited by tapping at the centre of the bridge,
other modes were excited simultaneously. If the sound level





Tapping at the position near AFig. 4-4
and detecting at A.
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( c) 10 ms/div
(d) 20 ms/div
( cont'd)Fig.4-4

















Fig.4-5 Fourier analysis of Fig.4-4(d)
shov;ing that the component of
about 550 Hz dominated
( Tapping at position near A






Fig.1+-6 Tapping at the bridge side (position S')
and detecting at position A.
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( c) 10 ms/div





Fig .4.7 Fourier ananlysis of Fig . 4.6(d)
showing that the conmponent of
about 550 Hz dominated
(Tapping at position S' and





550 Hz because the 550 Hz mode was so strong that other modes
were overwhelmed even they were excited. But if the sound
level meter was placed at position other than A, say position
B for example, contribution of other modes, especially the
750 Hz mode became more important than that when the sound
level meter was placed at position A.
4. 2. 2 About the 45 0 H z Mode
If the sound level meter was placed at position D
ano position D' was tapped by the eraser end of a pencil,
the typical waveforms for different time base were recorded
in Fig.4-8. It is seen that the waveforms are minly 550 Hz
in frequency, but beats appeared. The beat frequency is
about 100 Hz. This can be easily seen from the waveforms in
Fig .4-8. w e felt that the beats were caused by the
superposition of 450 Hz and 550 Hz waves since we expected
that the 450 Hz mode must be excited, though it is weak,
under this situation. The Fourier analysis of the waveform
Fig.4-8 (d) supported our expectation beautifully( Fig.4-9).
As we have mentioned, the 450 Hz mode was much weaker
than the 550 Hz mode. We have tried different combinations
of detecting and exciting positions in order to have an
unambiguous identification of the 450 Hz mode. But,
unfortunately, our effort did not give improved result. The






Tapping at position D' andFig.4-8
detecting at position D.
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( c) 10 ms/div

















Fig.4-9 Fourier analysis of Fig.4-8(d)
showing that the components of
about 4-50 Hz and 550 Hz dominated
especially the later.
( Sapping at position Ds and
detecting at position Da)
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excitation at D') seemed to be the best one
Another combination which could also reveal the
presence of the 450 Hz mode was detection at D and
excitation at C. the centre of the bridge. As a comparision,
we note that both the waveforms themselves( Fig.4-10) and
the result of Fourier analysis( Fig.4-11) showed that the
450 Hz component had smaller amplitude than that in Fig-4-8
and Fig. 4-9 which correspond to the combinatin of detecting
and exciting positions at D and D'.
4.2.3 About the 750 Hz Mode
As it was pointed out, the 750 Hz mode was found to
Have a vertical nodal line through the central area of the
top plate, and the two half-area on both sides of the nodal
line vibrate exactly out of phase. If the sound level meter
was placed at positions A or D, no information about the
vibration of the 750 Hz mode would be obtained because
positions A and D lie on the nodal line. So we placed the
sound level meter at position B and tried to tap at various
positions to see what happened.
Firstly, we tapped at the centre of the bridge
( position C). we observed that the waveforms detected was
mainly 550 Hz( Fig. 4-12'). The waveforms did not show






Tapping at the bridge centerFig.4-10
(position C) and detecting at
position D.
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( c) 10 ms/div
( d) 20 ms/div
Fig.k-10( cont'd)















Fig.4-11 Fourier analysis of Fig.4- 10(d)
showing that the component of
about 4-50 Hz had smaller ampli¬
tude than that in Fig.4—9 The
component of about 550 Hz was
still dominant.
121
750 Hz. From this, we can see that the 550 Hz mode was so
strong that even we put the sound level meter at position B,
the signal was still dominated by the 550 Hz. Fig-4-13 shows
that the component of about 750 Hz was indeed very small.
In order to detect the 750 Hz vibration, we tried to
weaken the vibration of the 550 Hz mode, and at the same
time, strengthen the 750 HL mode by tapping at the side of
the bridge( position S') rather than its centre. This
made the vibration of the 750 Hz mode competitive with
respect to that of the 550., Hz mode. This resulted in the
appearence of the beats which were mainly due to the
superposition of the two waves( Fig .4-14). The waveforms
(c) and (d) in Fig.4-14 show clearly that the beat frequency
was about 200 Hz. Fourier analysis of Fig-4-14(d) showed
that the waveforms in Fig4-14 mainly consisted of 550 Hz and
750 Hz waves( Fig.4-15). Also, the amplitude of the 750 Hz
component was even larger than that of the 550 Hz one. This
can also be seen from Fig.4-14(b) and (c) directly.
Finally, we tapped at position BI. This, of course,
excited the 750 Hz mode vigorously as we expected. The
waveforms were then entirely dominated by the 750 Hz
component( Fig. 4-16) especially of ter the first 20 ms
( (b) and (c) in Fig.4-16). The result of the Fourier






Tapping at the bridge centerFig.4-12
(position C) and detecting at
position B.
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( c) 10 ms/div

















Fig.4-13. Fourier analysis of Fig;«4—12(d)
showing that the component of
about 750 Hz is much smaller
than that of about 550 Hz
( Tapping at position C and






Tapping at position S' andFig, 4-1 f





















Fig.-15 Fourier analysis of Fig.4-lMd)
showing that the waveform mainly
consisted of about 550Hz and
750 Hz waves® The later was







Tapping at position B' andFig.4-16
detecting at position B.
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( c) 10 ms/div

















Fig.4-17 Fourier analysis of Fig.4-l6(d)
showing that the component of
about 750 Hz was dominant
( Tapping at position B9 and
detecting at position B.)
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in the discussion above, we have shown that the three
most important resonance modes of the top plate below 1 kHz
could be identified by tapping the top plate and picking up
its vibration at suitable positions. When the centre of the
bridge was tapped by the eraser end of a pencil., the 550 Hz
mode was excited most vigorously while the other two modes,
especially the 750 Hz mode, seemed difficult to be excited.
The 750 Hz mode prefered the tapping at the sides of the
bridge and it could greatly be excited by tapping at
positions B or BI whereas 450 Hz mode prefered the
excitation at position near D'.
4.2.4 Summary
As we have already pointed out, previous studies on
p' i-P' a revealed that the top plate of any P' i-P' a has three
dominant resonance modes below 1 kHz. They are roughly at
450 Hz, 550 Hz and 700 HZ( for the P' i-P' a used in our
experiment, the three mode frequencies are 450 Hz, 550 Hz and
750 Hz respectively). The vibration patterns of the three
resonance modes have already been determined by holographic
interferometric method. Although the exact frequencies of
the three modes vary for different P' i--P' as, the vibration
pattern of each mode is the same for every P'i-P'a. Based on
these information, we then introduced a non-destructive
method to determine the frequencies of the three modes. The
method involves tapping at certain preliminarily chosen
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positions on the top plate and detecting the reponse of the
plate. This is a convenient and time-saving experimental
technique. The instruments needed are just a sound level
meter and a storage oscilloscope. By using this method, we.
can obtain numerical values of the three resonance
frequencies without applying holographic interferometric
technique or reponse curve method, and the experimental error




During the experiments, we noticed that the strings
absorbed the vibrational energy of the top plate while the
plate was vibrating. This effect was prominent if one of the
harmonics of the strings was equal to the frequency of
vibration of the plate. In order to examine this effect
thoroughly, we did the following experiments.
5.1 About the Reponse Curves
5.1.1 Experimental
We attached a coil to position A( as described in
detail in Fig. 2--1). The coil was connected to a function
generator which gave out a sinusoidal wave. The coil shaked
the top plate to vibrate at the same frequency as that of the
signal given out by the functional generator. The frequency
of the signal from the functional generator could be tuned
manually or swept automatically across a range of
frequencies. A sound level meter (SLM) was located about
10 cm in front of the top plate. The signal from the sound
level meter was fed into a storage oscilloscope( TEKTRONIX
model 7633). Polaroid pictures were taken directly from the
screen of the oscilloscope. Fig. 5.2 to Fig. 5-9 show the
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reponse curves of the P' i-P' a at various conditions. In all
thses curves, the frequency was swept from about 320 H z to
about 600 H z in speed of 9.7+ 0.1 Hz/sec. The time base of
the oscilloscope was set at 50 ms/div.
5.1.2 Results and Discussions
We observed that at certain frequencies, the signal
from the SLM decreased abruptly. This meant that the
vibrational amplitude of the top plate decreased abruptly. In
other words, some vibrational energy of the plate was lost.
We felt that this amont of energy was transfered to the
vibrational energy of the strings, i. e., the strings absorbed
some amount of energy from the plate and vibrated at those
frequencies. In this section we will show that the strings
did absorb vibratinal energy of the top plate if the plate
vibrated at frequencies which were equal to the harmonics of
the strings.
Fig.5-2 shows the response curves of the P'i-P'a
with all strings absent( i. e., bare P' i--P' a). There are
two peaks on the curve. The first peak is due to the
excitation of the 450 Hz mode while the second peak was due
to the excitation of the 550 Hz mode.
Fig.5-3 was the response curve taken under the same
condition as that of Fig.5-2 except that the fourth, the
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Fig-5-2 Response curve of bare P'i-P'a.
Frequency was swept from about
390 Hz to about 600 Hz.
The first peak corresponds to
450 Hz and the second peak
correspond to 550 Hz.
Fig.5-3 Response curve of the P'i-P'a
under the presence of the first,
the third and the fourth string.
Frequency was also swept from
about 390 Hz to about 600 Hz.
The large wedge at the 350 Hz peak
was due to the absorption of the
fourth string; the small wedges
below the f50 peak were caused by
the absorption of other strings.
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third and the first string were present.( The second and the
third string could not both be mounted during the experiment
because the coil was located at position A. so., we mounted
only the first, the third and the fourth string. Although the
experiment was taken under the absence of the second string,
the following discussion is general and is valid no matter
whether the second string is absent or not.) All of the
strings were at normal tension. The fundamental frequencies
of the fourth, the third and the first strings under normal
tension are 110 Hz, 146.8 Hz and 220 Hz respectively
( Table 1.1). We noticed that there were a series of sharp
wedges on this reponse curve. These were due to the
absorption of vibrational energy by the strings. In order to
verify this, we carried out the following works.
(i) Firstly, we detached the third and the first
strings, i. e., only the fourth string was present. The
reponse curve is shown in Fig.5-4. There are two wedges on
he curve. One is at the position of about 550 Hz, and the
other is at the position below the 450 peak. We knew that the
fundamental frequency of the fourth string is 110 Hz, hence,
the third and the fourth overtones are 440 Hz and 550 Hz
respectively. Therefore, the first wedge was caused by the
the absorption of the 3rd overtone of the string, and the
second wedge was due to the absorption of the 4th overtone.
(ii) Then we increased and decreased the tension of the
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Fig.5-4
Only the fourth string was present
its fundamental frequency was 110 Hz
the fourth overtone was 550 Hz the third
overtone was 440 Hz. So, the large wedge
was caused by the fourth overtone the
small wedge was caused by the third
overtone.
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fourth string a little bit such that the fundamental
frequency of the 4th string was changed to, say, about 105
Hz and 115 Hz. In the former case, the two wedges shifed
to positions of lower frequencies as shown in Fig.5-5. In
the latter case, the wedges shifted to positions of higher
frequencies as in Fig.5-6.
(iii) We removed the fourth string and put on only the
first string and changed its tension such that the
fundamental frequency was about 275 Hz. Its first overtone
was 550 Hz. The response curve was shown in Fig.5-7.
(iv). We removed the first string and put on both the
fourth and the third string at their normal tension, then
the reponse curve is as shown in Fig.5-8. The third overtone
of the fourth string( 440 Hz) and the 2nd overtone of the
third string( 438 Hz) have almost the same frequencies.
So, two wedges appeared at the positions of frequencies near
440 Hz.
we then adjusted the tension of the third string
such that its fundamental frequency was about 139 Hz while
keeping the fourth string at normal tension. Then, the second
overtone of the third string was about 417 Hz and the third
overtone was about 556 Hz. From Fig.5-9 we can find that a
new wedge appeared beside the originally existed 550-Hz
wedge, but at a higher frequency, and one of the two wedges
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Fig.5-5 Only the fourth string was present
its fundamental frequency was changed
to 105 Hz. So the third and the fourth
overtone became 420 Hz and 525 Hz res-
pectively. Therefore, the two wedges
shifted to lower frequencies as com-
pared to Fig.5-4.
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Fig-5-6 Only the fourth string was pre-
sent its fundamental frequency
was changed to about 115 Hz.
So, the two wedges shifted to
higher frequency positions as
compared to Fig-5-4.
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Fig.5-7 Only the first string was present
its fundamental frequency was tuned
to about 275 Hz. Then its first over-
tone was about 550 Hz. The wedge was
just caused by the absorption of
the first overtone.
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Fig-5-8_ The fourth and the third string were
present and at normal tension. The
large wedge at about 550 Hz peak was
caused by the fourth overtone of the
fourth string the two small wedges were
caused by the third overtone of the
fourth string and the second overtone
of the third string..
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Fig.5-9 The fourth string was at normal
tension but the third string was
tuned to have fundamental frequency
of about 139 Hz whose third overtone
was about 556 Hz causing new wedge
behind the 550 Hz peak the second
overtone was about 417 Hz causing
a new wedge in front of the 450 Hz
peak.
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which were originally at the position of about 440 Hz( in
Fig.5-8) shifted to a new position of frequency much
lower than 440 Hz.
From the above experiments we found that the strings
do absorb energy from the vibrating plate whenever the plate
is vibrating at frequencies which are equal to the harmonics
of the strings.
5. 2 Absorption of strings when tapping
In chapter 4, we have pointed out that the 550 Hz
mode of the top plate was most easily excited if the centre
of the bridge( position C, Fig. 1-1) was tapped by the
eraser end of a pencil( Section 4.2.1). From section 5.1,
we recognized that the vibrational energy of the top plate
might transfer to the strings if the plate vibrated at
frequencies which were the harmonics of the strings. Since
the 550 H z mode of the top plate was excited when we tapped
at the centre of the bridge, the plate would mainly vibrate
at frequency of 550 Hz. So, we expected that the fourth
string( whose fundamental frequency f 0 is 110 Hz and the
fourth overtone is 550 Hz) would absorb a certain amount of
vibrational energy of the plate. In view of the interest in
this plate-string interaction, we then carried out the
similar experiments as that in Chapter 4 except that the
fourth string was mounted.
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5.2.1 Experimental
For simplicity, we mounted only the fourth string to
the P' i-P' a. The string was tuned to the normal playing
tension with fundamental frequency f0= 110 Hz. The fourth
overtone is 550 Hz which is just the resonance frequency of
the 550 Hz mode. We put the sound level meter at position A,
about 2 mm in front of the top plate, and tapped at the
centre of the bridge( position C, Fig .1-1). The signal
from the sound level meter was diplayed on the storage
oscilloscope( TEKTRONIX model 7633). Four polaroid
pictures were taken for four different time bases: 2 ms/div,
5 ms/div,. 10 ms/div and 20 ms/div. They are shown in
Fig.5-10 (a), (b), (c) and (d). Then we repeated the same
procedure after detaching the fourth string and the results
are shown in Fig.5-11 (a), (b), (c), and (d)( these results
are similar to that in Fig.4-2), we put them togather with
Fig .5-10 for easier comparison.
5.2.2 Results and Discussions
From Fig. 5-10 (a) and Fig.5-11 (a) we can find that the
two waveforms are almost the same and both of them show that
the frequency is about 550 Hz( note that the time base is 2
ms/div). As we have pointed out in Chapter 4, the 550 Hz
mode was excited when the bridge centre was tapped. so, the
signal detected by the sound level meter was mainly 550 Hz.
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2 me/div
Fig.5-10(a) The fourth string was present.
2 ms/div
Fig-5-1-1(a) All the strings were absent.
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Since Fig.5-10 represent the vibration of the plate at the
presence of the fourth string within the first 20 ms( note
that the time base is 2 ms/div and there are 10 divisions on
the screen). This means that the string did not absorb( or
absorbed a negligible amont of) the vibrational energy 'of
the top plate in the first 20 ms. The figures following
these two clearly show what happened after the first 20 ms.
In Fig .5-10(b), the signal from the sound level meter
decreased to a minimum at about 32 milliseconds from the
instant of tapping and then increased again. This phenomenon
did not occur on Fig.5-11 (b) which corresponds to the bare
P' i-P' a( i. e., no string was mounted). Since the signal
from the sound level meter represented the vibration of the
top plate in both frequency and amplitude, so, the decrease
in the amplitude of the signal indicated the decrease in the
vibrational amplitude of the top plate, i. e., the vibration
amplitude of the top plate dropped to almost zero at about 32
milliseconds from the beginning of the tapping. This state
lasted for a few milliseconds and then the vibration
recovered again. Where did the vibrational energy go in
these few milliseconds? There is only one explanation which
is that the string absorbed a large amount of the vibrational
energy from the top plate( through the bridge) in that
period of time. This is because that the fourth overtone of
the string was 550 Hz. The vibational energy of the top plate
was just absorbed by the mode of the fourth overtone of the
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5 ms/div
Fig.5-10(b) The fourth string was present.
5 ms/div
Fig.5-11(b) All the strings were absent.
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string causing the vibrational amplitude of the top plate to
drop considerably.
Afterwards, the sting vibrated at 550 Hz. Since the
decay time of the string was much longer than that of the
top plate, so, the string acted as an external sinusoidal
diving force and the vibration of the top plate was just like
a forced oscillator.
if we compared Fig .5-10(c) to Fig. 5-11 (c), we can
find that the absorption occured mainly in the third 10
milliseconds and the string forced the top plate to vibrate
again in the next 10 to 15 milliseconds. After that, the
vibration of the top plate decayed very slowly( Fig.5-l0(c),
(d)) as compared to that of the bare p' i-P' a( Fig.5-10(c),
(d)).
If we change the tension of the fourth string such
that its fundamental frequency f0 was no longer equal to 110
Hz, then the absorption phenomenon almost disappeared. The
waveforms were then quite similar to that of the bare P' i-
p' a. For example, we tuned the string such that its
fundamental frequency was equal to about 125 Hz and repeated
the above mentioned procedures. The results were shown in
Fig. 5-12 (a), (b), (c) and (d), each of them corresponds to
different time bases. Comparison between Fig. 5-12 and Fig. 5-
11 revealed that the presence of the string with f0= 125 Hz
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10 ms/div
Fig.5-10(c) The fourth string was present.
10 ms/div
Fig.5-11(c) All the strings were absent.
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20 ms/div
Fig-5-10(d) The fourth string was present.
20 ms/div
Fig.5-11(d) All the strings were absent.
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2 ms/div
Fig.5-12 (a) The fourth string was present










almost did not affect the vibration of the plat-e. That is,
the interaction between the string and the top plate was
small in this case,
In conclusion, the vibration of the 550 Hz mode of
the top plate was seriously affected by the fouth string at
normal tension( i. e., its fundamental frequency was
110 Hz). I f the string was riot at normal tension, i. e., its
fundamental frequency was greater or less than 110 Hz, the
string would riot absorb the vibrational energy of the top
plate and therefore almost did not affect the vibration of
the top plate. This conclusion is general and applicable to
all the vibration modes of the top plate. That is, if the
top plate originally vibrates at one of its resonance modes
and if this resonance frequency is equal to one of the
harmonics( of course, the lower harmonics) of the string
present, then, the string will absorb a certain amount of the
vibration energy of the plate and then vibrates at that
frequency. The vibrating string will then act as an
sinusoidal diving force though the amplitude of the driving
force decays with time. Since the decay time of a string is
much longer than that of the plate, the combined effect of
the string-plate. interaction is just like that the decay time
of the plate is increased.
5.3 Absorption of the strings when plucking
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In the above mentioned experiments, the vibration of
the top plate was excited by tapping at the centre of the
bridge. practically, the vibration of the too plate is
caused by plucking the strings during the performance of the
instrument. In order to investigate the string-plate
interaction under this situation, we excited the top plate by
plucking a string, say the first string, and observed the
interaction between the top plate and the fourth string.
5.3.1 Experimental
We mounted both the first and the fourth string to
the P' i-P'-a and plucked the first string to generate a note
frequency of 550 Hz. The 550 Hz mode of the top plate was
then excited as in the experiments described in Chapter 2.
We attached a coil to position A to detect the vibration of
the top plate( as described in detail in section 2.1) and
placed the sound level meter 3 meters away from the top plate
to detect the radiated sound( as descibed in detail in
section 3.1). The signal detectd by the coil were shown in
Fig.5-13 (a) and (b) for two time bases while that detected by
the sound level meter were shown in Fig. 5-15 (a) and (b).
Then we detached the fourth string and repeated the
above mentioned procedures. The signal detected by the coil
are shown in Fig.5-14(a) and (b), and the signals detected by
the sound level meter are shown in Fig.5-16 (a) and (b).
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20 ma/div
Fig.5-13(a) The coil was attached to
position A the fourth string
was present and at normal tension.
toms/div
Fig.5-14(a) The coil was attached to








Again, we put Fig.5-14 togather with Fig.5-13 and Fig.5-16
with Fig.5-15 for comparision.
5.3.2 Results and discussions
Let us first pay attention to Fig.5-13 and Fig.5-14.
In Fig.5-13 (a) we found that the amplitude decreased to a
minimum at about 52 milliseconds from the instant of plucking
and then increased again. This is quite similar to that in
section 5.2.2, Fig.5-10(d). Here, the top plate was excited
by plucking the first string of note frequency f0= 550 liz.
[ The first string vibrated at the fundamental frequency and
its overtones the top plate mainly absorbed energy from the
fundamental frequency component as we have indicated in
Chapter 2. Thus, the first string acted as a decaying
sinusoidal driving force( not single frequency but mainly
at 550 Hz). But in Section 5.2, the top plate was excited
by tapping at the bridge centre. The tapping was essentially
a impulsive force. So, the vibration of the plate died out
much more quickly when it was excited by tapping than the
vibration caused by plucking the strings. Compar is ion of
Fig.5-11 (d) and Fig.5-14(a) show this clearly.]
Comparing Fig. 5-10 (d) and Fig. 5-13 (a) one sees
immediately the difference in the tail of* the waveforms
( i.e., the difference after, say, the first 100 ms). The
later decayed much more slowly than the former. We have
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pointed out in Section 5.2 that the presence of the fourth
string( at normal tension) made the vibration of the top
plate decayed slowly because that the string acted as a
driving force. Whereas, here, we have two strings mounted on
the plate, the first string and the fourth string. The first
string excited the plate, then the plate excited the fourth
string. After that, the first and the fourth string acted as
two sinusoidal driving force in phase. This is why the
waveform in Fig.5-13 (a) decayed more slowly than that in
Fig.5-10(d).
Fig. 5-15 (a) and (b) shows the waveforms de tec td by
the sound. level meter. Since the sound level meter was 3
meters away from the top plate. Sol it detected the sound
radiated by the whole top plate( and the strings though they
contributed very little), therefore the sound level meter
can be regarded to represent a listener. So, Fig.5-15(a) and
(b) told us that the presence of the fourth string indeed
affect the sound radiated by the instrument by making the
decay time of the 550 Hz sound longer. Fig. 5-16 (a) and (b)
show the waveforms when the fourth string was removed.
5.3.3 Summary
From the above discussion, we believe that if the
frequency of a resonance mode is equal to or near one or more
harmonics of the strings, then the decay time of that mode
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20 m$/div
Fig.5-15(a) The sound level meter was
placed 3 meters away. The
fourth string was present
with fo= 110 Hz.
20.ms/div
Fig.5-16(a) The sound level meter was
placed 3 meters away. The







will be increased considerably. This, of course, will affect
the tonal quality of the instrument. In our experiment we
only investigated the interaction between the plate and one
or two strings. If all the four strings are mounted or, the
P'i--P'a, the interaction becomes complicated. But, as we have
indicated, if the top plate is vibrating at a particular
mode, then a string will almost have no effect on the
vibration if none of its harmonics match that resonance
frequency if there are more than one strings which have
harmonic frequencies matching the resonance frequency, the
overall effect is still to make the vibration of the plate
decay slowly.
We have listed the fundamental frequencies and the
lower overtones of the four strings( at normal playing
condition) on Table 1.1. For our P'i-P'a, the frequency of
the so called 550 Hz mode was just 550 Hz which matches the
fourth overtone of the fourth string. This, of course, is an
accidental event. If the string-plate interaction is proved
by professional musician) to be able to improve the tone
quality, it is possible to make the mode frequencies to match
some harmonic frequencies of the strings. From Table 1.1 we
noted that 440 Hz appeared three times. If the frequency of
the so called 450 Hz mode is near 440 Hz, then the vibration
of that mode will most 'Likely to benefit from the first, the
third and the fourth string.
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Chapter 6
CAVITY RESONANCE OF A VIOLIN
in Chapter 4, we introduced a non-destructive
method to determine the frequencies of the three most
important modes of P' i-P' a below 1 kHz. Encouraged by the
success in determining the frequencies of the three modes by
tapping at the bridge or the top plate of the P' i-P' a, we
tried to apply the same method to investigate the cavity
resonance of a violin.
Fig..6-1 shows the top and the side views of a violin.
For a detailed description of the instrument, one can refer
to, for example, the excellent review article by Hutchins
[ Hutchins 1983] or the classic book by Benade[ Benade
1976 ]. From this. figure, we can see that there are two
cutouts of graceful shape known as the f-holes on the top
plate. The f-holes not only influence the vibration modes of
the top plate in a direct way, but also serve as a passageway
through which the air enclosed inside the cavity can
communicate its oscillations to the room as part of the total
radiation process[ Hutchins 1983 ].
Unlike a P'i-P'a, the air resonance of the sounding
box of a violin is very important. F. A. Saunders[Saunders





















Fie,6-1 Top and side views of a violin
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at the low frequency region. This peak, which is known as
the main air resonance or cavity resonance of the instrument,
is a consequence of the resonant excitation of the lowest
characteristic mode of vibration of the air within the violin
body. This cavity resonance is associated with the Helmholtz
resonance of the cavity. It does not necessarily occur at
the Helmholtz frequency, because the observed frequencies
result from a coupling between the Helmholtz and wood
resonances[ Dale 1979 Saunders 1958] In a violin, the
cavity resonance falls at 280-285 Hz. In our experiment, we
concentrated on the air resonance only. The wood resonance
had not been investigated.
6. 1 Experimental
(i) Firstly, we tried to obtain a response curve for the
violin used in our experiment. The procedure is similar to
that in Section 5.1.1. The violin was placed horizontally
and was supported at positions S11 S2, S3 and S4 such that
the back plate did not touch anything and therefore both the
top and the back plate could vibrate freely. We attached a
coil at position E, as shown in Fig.6-1 and the sound level
meter was placed about 10 cm above the top plate. The
frequency of the function generator was swept from about
250 Hz to about 800 Hz. The response curve is shown in








Fig.6-2 Response curve of the violin.
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(ii) Secondly, the sound level meter was put close to one
of the f-holes( we chose hole f 1) The head of the sound
level meter was about 2 mm above the f-hole. The four
strings( at normal playing tension) were touched slightly
by fingers such that they did not vibrate while we tapped at
the centre of the bridge. The impact hammer used was a
pencil with the eraser end wrapped with cloth instead of
using the eraser directly( the reason will be discussed
later).
The area of the f-holes was changed in various steps
during the experiment. The f-holes were covered by Scotch
tapes (i) the lower half-area of the hole f2( Fig.6-1J
was covered (ii) the hole f2 was completely covered (iii)
the hole f2 was completely covered and the lower half-area of
the hole f1 was covered. For each case, two Polaroid
pictures were taken( for two different time bases, 10 ms/div
and 20 ms/div). Fourier analysis was carried out on the
waveforms of longer time base.
6.2 Results and Discussions
(i) About the Response Curve
In the reponse curve( Fig.6--2), we noticed that at
the low frequency region,- there is a pronounced peak occured
at about 285 Hz which was about the expected frequency of the
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cavity resonance. The peaks at about 474, 518 and 714 Hz may
be due to the body resonances. We did not futher investigate
these resonances but just concentrated on the air resonance.
We suspected that the 285 Hz peak was just the air resonance
( so we called it air peak for short). In order to verify
this, we changed the area of the f-holes and observed whether
this peak would shift.
Since the cavity resonance is associated with the
Helmholtz resonance, the resonance frequency will change like
the Helmholtz frequency dose as the area of the f-holes was
changed. The Helmholtz frequency is given by
(6.1)
with S the total area of the f-holes, V the volume of the
cavity, L the effective length of the air piston in the f-
holes, and c the speed of sound. If all these parameters are
kept constant except S. the total area of the f-holes, then
f H will be proportional to the square root of S, i. e.,
(6.2)
Thus, the cavity resonance will be affected by the total area
of the f-holes.
Let the original total area of the f-holes be S0. we
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changed S to 3/4 So of 1/2 S0 and 1/4 So by covering the
holes with Scotch tapes. We found that the air peak shifted
to lower frequencies( Table 6.1) as predicted by equation
(6.2), but the other peaks did not shift at all. The column
under fH in Table 6.1 were calculated according to equation
( 6. 2), taking our violin's Helmholtz frequency to be equal
to its cavity resonance of 285 Hz.
For S= 3/4 So, there are several ways to cover the
holes. We have tried to cover (i) the upper half of f 2
(ii) the lower or upper half of fl leaving f2 opened. The
air peak was still at about 258 Hz. The difference between
them was within 2 Hz.
These results strongly indicated that the peak at
about 285 Hz was really due to the cavity resonance.
(ii) About the tapping
As we tapped at the center of the bridge, the signal
from the sound level meter was dominated by a frequency of
about 280 Hz( Fig.6-3 (a), (b)). The Fourier analysis of
Fig.6-3 (b) showed that the waveforms were composed of mainl y
two waves of frequency 281 Hz and 514 f-3z( Fig.6-4).
In tapping the bridge of the viol-in, we found that if






Fig.6-3 Tapping at the bridge center with
bare eraser end of a pencil. It
shows that the frequency of about

















Fig. 6-4 Fourier analysis of Fig.6-3(h) showing
that the waveform was mainly composed
of two components of frequencies
281 Hz and 514 Hz.
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cloth, the waveforms were more sinusoidal in shape
( Fig.6-5 (a), (b)). Fourier analysis of Fig.6-5(b) indicated
that the 514 Hz component was greatly reduced as compared to
that of tapping with the bare eraser end of the pencil.
We have pointed out in Chapter 4 that the softer the
tip used on an impact hammer the more the energy is
concentrated in the lower frequency range. Here, we were
interested in the lowest resonance frequency only( i. e., the
cavity resonance). Since the cloth-wrapped pencil was
softer than the bare eraser end, so the impulsive force had
smaller high frequency components, and therefore the
resonance modes higher than the cavity resonance were hardly
excited. So, in the remaining of the experiment, we used the
cloth-wrapped pencil as our impact hammer.
(a) For S= 3/4 So, the lower half-area of the hole f2
was covered by a Scotch tape. The waveforms were dominated by
frequency of about 250 H2( Fig. 6-7 (a), (b)). Fourier
analysis also indicated this very clearly( Fig-6-8). When
the lower half-area of the hole fl, rather than f2, was
covered, we obtain quite similar results which are shown in
Fig.6-9 and Fig.6-10.
(b) For S= 1/2 So, the hole f2 was completely covered.
The waveforms were essentially of frequency of about 200 Hz (






Fig.6-5 Tapping at the bridge center with
the eraser end of a pencil wrapped
by a piece of cloth, and f1, f2
were open. It shows that the















Fig.6-6 Fourier analysis of Fig6-5(b) shoving
that the component of 281 Hz dominated.
The 514 Hz peak became much smaller






Fig.6-7 The lower half of the hole f2
was covered. The wave forms were
approximately 250 Hz in frequency.
















Fig.6-8 Fourier analysis of Fig.6-7(b).
It shows that the peak originally at
about 280 Hz shifted to about 250 Hz,






Fig.6-9 The lower half of the hole f1
was covered while the hole f2
was open. The waveforms here
are similar to those in Fig.6-7.














Fig.6-10 Fourier analysis of Fig.6-9(b) showing
that the 252 Hz dominated This is simi¬
lar to that in Fig06-8«.
This means that the cavity resonance shifted







Fig.6-11 The hole f2 was completely covered.
The waveforms show that their fre-
quencies were essentially
about 200 Hz.















Fig.6-12 Fourier analysis of Fig6-11(b) showing
that the waveform was dominated by frequency
of about 200 Hz That is, the cavity
resonance shifted to about 200 Hz.
and f were half covered( Fig.6-13 and 6-14).
(c) For S- 14 S, the hole f„ was completely covered
and the hole f was half covered. The waveforms themselves
showed that they were almost single frequency of about 150 Hz
{ Fig.6-15). The Fourier analysis of Fig.6-15(5), of
course, confirmed this beautifully( Fig.6-16).
In Table 6.1, the column under f.. was obtained
tapping
by tapping the bridge for different s. Comparing this column
of figures with that under f, one can immediately
res. curve 1
sees that the former agreed with the later quite well.
Fourier analysis of all the waveforms( Fig.6-4,
6-6, 6-8, 6-10, 6-12, 6-14, 6-16) show that the 514 hz
peak always existed and did not shift as the area of the f-
holes was changed. So, we strongly suspected that it must
be the main wood resonance. When we put the sound level
meter about 10 cm above the top plate and tapped at the
bridge centre with bare eraser end of a pencil. The
If we used the cloth-wrapped pencil instead of the bare
eraser end, the waveforms showed less high frequency
components (Fig.6-19). Fourier analysis (Fig.6-20) indicated
that the 509 Hz component was greatly reduced compared with
Fig.6-18. This revealed once again that the softer impact






Fig, 6-13 The lower halves of f1 and f2
were covered. This is similar to
the case that f2 was completely
covered( Fig.6-11).
Frequency ( 48.6 Hzdiv)
208 Hz
514 Hz
Fig .6-14 Fourier analysis of Fig.6-13(h) showing
that the waveform was dominated by fre¬
quency of about 208 Hz. This result is








Fig.6-15 The hole f2 was completely
covered and the lower half of
the hole f1 was also covered.
The waveforms were dominated
by frequency of about 150 Hz.














3Titt»6-l6 Fouriex' analysis of Fig.6-15(b) showin
that the cavity resonance frequency wa
shifted to about 150 Hz by covering th
whole area of f0 ana half area of
The 51 Hz peak did not shifted at all
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waveforms obtained were rather complicated( Fig-6-17) but
the Fourier analysis showed that the components of
frequencies 286 Hz and 509 Hz were the most important ones(
Fig.6-18). Also,, the amplitude of the later is greater than
that of the former. This agrees to what the response curve
revealed.
6.3 Summary
From this experiment, we verified that the peak at
about 285 Hz on the reponse curve of the violin was actually
the air peak due to the cavity resonance. Although one can
measure this resonance frequency( with uncertainty+ 2 Hz)
by driving the top plate sinusoidally and detecting the
reponse electrically, there exists a more convenient method
which only requires tapping at the centre of the bridge by
the eraser end of a pencil( it is better to wrap the eraser
end by cloth) and detecting the response by putting a sound
level meter close to one of the f-holes. This method gives
the frequency of the cavity resonance with percentage error






Fig.6-17 The sound level meter was placed about
10 cm above the top plate. They show
that the frequency of about 500 Hz do-
minated.( The bridge center was tapped
by the bare eraser end of a pencil.)
















Fig 6-18 Fourier analysis of Fig.6-17(b) showing
that the components of about 286 Hz and
509 Hz dominated.( The bridge center






Fig.6-19 The bridge center was tapped by
the cloth-wrapped pencil. The
waveforms show to have less high
frequency components as compared
to Fig.6-17.














Fig.6-20 Fourier analysis of Fig.6-19(b)
showing that the 286 Hz component
became etronger than the 509 Hz
one. This is because that the
cloth-wrapped pencil vas used instead


















































The vibration of the top plate of a p'i-p'a under the
excitation of plucking the strings was studied. it was found
that when the strings were plucked, the three most important
resonance modes below 1 kHz( i.e., the modes at 450 Hz,
550 Hz and 750 Hz) could be excited if the note frequencies
or their overtones matched the resonance frequencies. Among
the three modes, the 550 Hz was most easily excited and had
largest amplitude whereas the 450 Hz mode was the weakest
one. Futher more, the fundamental frequencies excited the
modes more vigorously than any overtones.
The effect of these modes on the radiated sound was
also studied. The most interesting result of this study was
that the 750 Hz mode almost did not contribute to the
radiated sound even it was excited. This is due to the
symmetric vibration pattern of the mode. So, it seems that
the destruction of this symmetry may make the top plate more
efficient in radiating sound, especially when the so called
750 Hz mode was excited. This can be achieved by introducing
small changes in the internal structure during the
construction of the instrument. But the structural changes
will alter the whole modal structure of the top plate.
Whether this change can improve the tonal quality or not is
still not known. We felt that it is worthwhile to pursue
this investigation.
Attention was also paid to the plate-string
interaction. We found that the strings absorbed the
vibrational energy of the top plate if the top plate was
vibrating at the frequencies which matched the harmonics of
the strings, and then acted as a decaying driving force to
drive the top plate. Thus, the interaction turned out to
lengthen the decay time of the top plate when it vibrated at
those frequencies.
We introduced a non-destructive method to determine
the frequencies of the three lowest resonance modes of the
top plate. This method was found to be very convenient and
quite accurate. The error involved was less than 10%. The
same technique was also applied to detect the cavity
resonance of a violin and the results agreed very well with
that obtained by using the method of sinusoidally driven
response curves.
Our research work was a continuation of the previous
studies on the acoustics of P'i-P'a. There are still a lot
of work await to be done in the future. Acoustical
measurements on a large number of p'i-p'as of various classes
are required. We believe that these measurements can help to
provide an acoustical basis in the evaluation of the
instrument and explore the possibility of improving the modal
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structure during the making of the instrument.
Although one can obtain measured results of the
acoustical properties of a great many P' i-P' as, the final
evaluation of good or bad instruments depends greatly on
the musical tests and background of players and listeners.
APPENDIX I
Suppose a uniform string is stretched between rigid
supports a distance l apart, and is plucked at a point whose
distance from one end is LnQ at t= 0( i.e., the string is
pulled out, say, h units at x= LnQ). Fig.A-1 shows the








The wave equation is
(1)























Using the method of separation of variables, the solution of
(1) satisfying the boundary condition is







The ratio of the amplitude of the fundamental frequency to
that of the nth harmonic is
Therefore,
Since n sin a sin na for n 1, therefore,
That is, the amplitude of the fundamental frequency is always
greater than that of all the overtones. since the
v ibr a t iona 1 ener gy of each mode i s propor tiona 1 to the squar e
of its amplitude, therefore, the vibrational energy of the
fundamental frequency is always larger than that of the
overtones no matter at which position the string is plucked.
From the above analysis, we can see that for an ideal
string stretched between rigid supports, all the modes are
harmonics of the fundamental; the nth harmonic and its
multiples mn (m= l,2, 3,...) are absent if the string is
excited by plucking at a point such that= n( i.e.,
A =0 when n= n); if n is not an integer, then all the
n o o
harmonics are present.
These conclusions are modified only in detail if the
theory is extended to include the finite stiffness of a real
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string or the incomplete rigidity of real end supports, both
of which make the modes of a real string slightly inharmonic
[ Morse 1948 i. e., nonlinear effects involve in real
musical instruments. In our experiment, we found that these
nonlinear effects were so small that they could not be
observed within our experimental error. So, we neglected the
inharmonicity during the experiment.
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APPENDIX II





The Fourier transform of f (t) is
Hence,






Since T 20 ms( which can be easily seen from, say,
Fig. 4- 2), then,
Therefore, the Fourier spectrum will have a peak at about
550 Hz with uncertainty less than 1 Hz according to this
calculation.
maximum, i. e.,
and solve this equation














would also have two separate peaks at about
is down by a factor of 12. in other words, the width
half maximum is given by
and
I
(jJ0. The larger the T and T, the shaper are the peaks; the
larger the difference between U)0 and c0o, the more clearly
separate 'are the peaks.
For example, f~ 550 Hz, f 750 Hz and T,
T 20 ms, then f- f 2 10, i.e.,
But, ther efore,
Hence, g(f) will have
two separate peaks at about 550 Hz and 750 Hz.
The above discussion is also valid in the case that
f(t) is composed of more than two decaying sine functions.
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